Essential genes exhibited a bimodal distribution across 10 cell lines screened in different studies, consistent with a continuous variation in essentiality as a function of cell type. Genes essential in more lines were associated with more severe fitness defects and encoded the evolutionarily conserved structural cores of protein complexes. Genes essential in fewer lines tended to form context-specific modules and encode subunits at the periphery of essential complexes. The essentiality of individual protein residues across the proteome correlated with evolutionary conservation, structural burial, modular domains, and protein interaction interfaces.
Introduction
Essential genes underpin the genetic architecture and evolution of biological systems (Giaever et al. 2002) . In all organisms, essential genes are needed for survival and proliferation, while in multicellular organisms additional essential genes function in different tissues at various stages of development. In the budding yeast Saccharomyces cerevisiae, only 1,114 of the ~6,000 genes encoded in the genome are essential for growth in nutrient-rich conditions (Giaever et al. 2002) . The non-essential nature of most genes suggests that the genetic landscape of the cell is shaped by redundant gene functions (Hartman et al. 2001) . Consistently, systematic screens in S. cerevisiae have uncovered more than 500,000 binary synthetic lethal interactions (Tong et al. 2001; Costanzo et al. 2010; Costanzo et al. 2016) . In parallel, context-specific chemical screens have revealed that virtually every gene can be rendered essential under the appropriate condition (Hillenmeyer et al. 2008) . The prevalence of non-essential genes has been verified by systematic genetic analysis in other single-celled organisms including Schizosaccharomyces pombe , Candida albicans (Roemer et al. 2003) and Escherichia coli (Baba et al. 2006) . In metazoans, the knockdown of gene function by RNAi in the nematode worm Caenorhabditis elegans revealed that 1,170 genes are essential for development (Kamath et al. 2003) , while in the fruit fly Drosophila melanogaster at least 438 genes are required for cell proliferation in vitro (Boutros et al. 2004 ). In the mouse Mus musculus, ~25% of genes tested to date are required for embryonic viability (Dickinson et al. 2016) . Essential genes tend to be highly conserved, to interact with one another in local modules, and be highly connected in protein and genetic interaction networks (Hirsh and Fraser 2001; Zotenko et al. 2008; Costanzo et al. 2016) . Although essentiality is often framed as an all-or-none binary phenotype, in reality the loss of gene function causes a spectrum of fitness defects that depend on developmental and environmental contexts. For example, in S. cerevisiae an additional ~600 genes are required for optimal growth in rich medium (Giaever et al. 2002) and in C. elegans most genes are required for fitness at the whole organism level (Ramani et al. 2012) . The definition of essentiality is thus dependent on context and the experimental definition of fitness thresholds.
The clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPRassociated (CAS) protein system directs the cleavage of specific DNA sequences in prokaryotes, where it serves as an adaptive immunity mechanism against infection by foreign phage DNA (Samson et al. 2013) . The Cas9 endonuclease can be targeted toward a specific DNA sequence by a single-guide RNA (sgRNA) that contains a 20 nucleotide match to the locus of interest (Jinek et al. 2012) . The co-expression of Cas9 and an sgRNA leads to a blunt end double-strand break (DSB) at a precisely specified position in the genome. Repair of the DSB by error-prone non-homologous end joining (NHEJ) leads to random DNA insertions or deletions (indels) that cause frame-shift mutations and an ersatz knockout of the target gene with high efficiency (Cong et al. 2013 ).
CRISPR/Cas9 technology has been recently adapted to perform large-scale functional gene knockout screens in human cells (Shalem et al. 2015) . A pooled library of 64,751 sgRNAs that targets 18,080 genes was used in screens against melanoma and stem cell lines Shalem et al. 2014 ), while a library of 182,134 sgRNAs that targets 18,166 genes was used in screens against chronic myelogenous leukemia and Burkitt's lymphoma cell lines (Wang et al. 2015) . A third library of 176,500 sgRNAs that targets 17,661 genes was used in screens against colon cancer, cervical cancer, glioblastoma and hTERT-immortalized retinal epithelial cell lines (Hart et al. 2015) . In parallel, genome-scale screens based on transposonmediated gene-trap technology have been performed in two haploid human cell lines (Blomen et al. 2015; Wang et al. 2015) . Each of these genome-wide screens identified on the order of 1,500-2,200 essential genes that were enriched in functions for metabolism, DNA replication, transcription, splicing and protein synthesis (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) . Importantly, the CRISPR/Cas9 and gene-trap screens exhibit a strikingly high degree of overlap and overcome the limitations of previous RNAi-based gene knockdown approaches (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) .
Currently available human genome-wide CRISPR libraries target most wellcharacterized gene loci. Two libraries were designed to target the well-validated RefSeq gene collection Wang et al. 2015 ) while a third library targets confirmed protein coding gene regions in the GENCODE v17 assembly (Hart et al. 2015) . To extend functional CRISPR/Cas9 screens to less well characterized regions of the genome at potential sub-gene resolution, we generated a high complexity extended knockout (EKO) library of 278, 754 sgRNAs that targets 19,084 RefSeq genes, 20,852 unique alternative exons and 3,872 hypothetical genes. The EKO library also includes 2,043 control sgRNAs with no match to the human genome to estimate screen noise. We used the EKO library to identify essential genes in the NALM-6 human pre-B cell lymphocytic leukemia line, including alternatively-spliced exons and hypothetical genes not previously tested in CRISPR/Cas9 screens. Our analysis revealed the broad influence of Cas9-induced double-stranded breaks on cell viability, the residue-level determinants of essential protein function, the prevalence of non-essential exons, and the evolution of new essential genes. Integration of our data with nine previous genome-wide CRISPR/Cas9 screens revealed a bimodal distribution of essential genes across cell lineages and a distribution of subunit essentiality across protein complexes, consistent with a continuous distribution of gene essentiality. High resolution CRISPR/Cas9 genetic screens can thus uncover the organization and evolution of the essential human proteome.
Results

Design and generation of the EKO library
We generated a custom sgRNA library that targeted more genomic loci than previously published libraries, including additional RefSeq genes, alternatively-spliced exons and hypothetical protein-coding genes ( Fig. 1A; see Table S1 for all sgRNA sequences). The core set of the EKO library was comprised of 233,268 sgRNAs that target 19,084 RefSeq proteincoding genes and 17,139 alternatively-spliced exons within these coding regions. An extended set of 43,443 sgRNAs within the EKO library was designed to target loci predicted to be potential protein coding regions by AceView (Thierry-Mieg and Thierry-Mieg 2006) or GENCODE (Harrow et al. 2012) , as well as additional alternatively-spliced exons predicted by AceView that we validated by independent RNA-seq evidence. Each gene in the EKO library was targeted by approximately 10 sgRNAs and each alternative exon by 3 sgRNAs. The combined gene list represented in the EKO library contains almost 5,000 more candidate genes than any sgRNA library screened to date, including almost 1,000 additional RefSeq genes Shalem et al. 2014; Hart et al. 2015; Wang et al. 2015) . To estimate the effect of noise in our screens, we also designed 2,043 sgRNAs that had no sequence match to the human genome.
Identification of cell fitness genes with the EKO library
We used the EKO library in a viability screen to assess fitness defects caused by loss of gene function in the human pre-B cell acute lymphoblastic leukemia NALM-6 line, which is pseudodiploid and grows rapidly in suspension culture (Hurwitz et al. 1979) . A tightly regulated doxycycline-inducible Cas9 clone of NALM-6 for use in library screens was generated by random integration of a lentiviral construct. The EKO library was transduced at low multiplicity of infection (MOI) and selected for lentiviral integration on blasticidin for 6 days, after which Cas9 expression was induced for 7 days with doxycycline, followed by outgrowth for 15 more days in the absence of doxycycline (Fig. 1B) . Changes in sgRNA frequencies across the entire library were monitored by Illumina sequencing at six different time points during the screen. The EKO library pool was well represented after blasticidin selection (i.e., the day 0 time point for the screen), with 94% of all sgRNA read counts falling within a 10-fold range relative to one another ( Fig. 1C; Fig. S1A ). Little change in sgRNA frequency was observed after only 3 days of doxycycline induction (Fig. S1B) , likely due to the lag in Cas9 induction, the kinetics of indel generation, and the time required for effective protein depletion. A progressively larger spread in sgRNA read frequencies was observed over the 21 day time course (Fig. S1C-F) . We observed that genes with greater sgRNA depletion at earlier time points tended to encode proteins that were more disordered (Fig. 1D ) and that had a shorter half-life (Fig. 1E) . However, genes depleted by day 21 did not possess significantly longer half-lives than those depleted by day 15 (p>0.05, Wilcoxon test, data not shown), and genes that scored in the top 2,000 most depleted at day 21 but not at day 15 sample were less likely to be validated by gene-trap scores in the HAP1 cell line (p=2.37e-6, Wilcoxon test; Fig. S1G ). Based on these results, we chose to use the sgRNA read frequencies at day 15 for our subsequent analyses, with the day 0 frequencies serving as the reference time point.
Calculation of significant sgRNA depletion by RANKS
To compute the relative level of depletion of each sgRNA, we developed a custom tool called Robust Analytics and Normalization for Knockout Screens (RANKS), which enables statistical analysis of any pooled CRISPR/Cas9 library screen or shRNA screen. First, the log 2 -ratio of the sgRNA read frequency at the day 15 versus day 0 time points, normalized by the total read count ratio, was used to quantify the relative abundance of each sgRNA (Fig. 1G) . The average log 2 -ratio for all ~10 sgRNAs that target each gene was used to generate a gene score (Wang et al. 2015) , which reflected the potential fitness defect for each gene knockout. To account for experimental variation in sgRNA read counts within any given screen, instead of using the log 2 -ratio of the sgRNA itself, we used RANKS to estimate a p-value based on how each log 2 -ratio compared to a selected set of non-targeting control sgRNAs. The resulting gene log p-value score was then obtained from the average of the log p-values for each of the 10 sgRNAs per gene. As applied to our dataset, RANKS performed better than previous other methods (Li et al. 2014; Hart et al. 2015; Wang et al. 2015) as judged by established correlates ( Fig. S2 ; Table   S2 ). Subsequent analyses were based on the RANKS statistical scores for each gene, exon or hypothetical gene represented in the EKO library.
Genome-scale correlates of sgRNA depletion
The results of the NALM-6 screen revealed that fitness scores correlated well with features known to be associated with essential genes. We examined correlates with mutation rate as estimated by protein sequence conservation across 46 vertebrate species (Blanchette et al. 2004) , node degree in protein-protein interaction (PPI) networks (Chatr-Aryamontri et al. 2015) , mRNA expression level in NALM-6 cells, essentiality detected by the gene-trap method (Blomen et al. 2015) , essentiality detected by a whole-genome CRISPR/Cas9 screen in the near haploid KBM7 cell line (Wang et al. 2015) , and DNA accessibility as assessed by DNAse1 hypersensitivity peak density in naïve B cells ( Fig. 2A; Fig. S3 ). For every feature, we observed a highly significant difference between the top-ranked 2,000 genes in our screen (1-2000) and the next 2,000 ranked genes (2,001-4,000), with p-values <0.05 (Wilcoxon test), such that each feature correlated strongly with gene essentiality. The strong agreement between depletion scores from an independent genome-wide CRISPR screen with our ranked gene list over the entire distribution confirmed the reproducibility of the CRISPR/Cas9 method.
For each feature, we also compared the union of the fourth and fifth bins (6, (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 000) to the union of the last two bins (16, (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) 034) . This comparison revealed that mutation rate and gene-trap score differences flattened out after the first 2,000 to 4,000 genes (p-values >0.05, two-tailed Wilcoxon test), whereas the other features still correlated with gene rank in the latter bins to varying degrees (PPI degree, p=0.00335; mRNA expression, p=0.0072, KBM7 score, p=3.94e-266; DNAse 1 hypersensitivity, p=1.27e-46). The tight concordance between the NALM-6 and KBM7 scores over all bins was expected given that the same sgRNAs were used to target all RefSeq genes included in both libraries. The strong correlation between rank score in the NALM-6 screen and DNA accessibility suggested a potential non-specific effect of sgRNA-directed DSB formation. The two additional significant correlations may be explained by the fact that mRNA expression level also correlated with DNA accessibility (Spearman's rank correlation coefficient=0.34, p<2.2e-16), and protein interaction degree in turn correlated with gene expression (Pearson correlation coefficient=0.22, . These correlations are likely explained by unrepaired Cas9-mediated cleavage events in a fraction of cells leading to a DNA damage-dependent growth arrest and depletion from the pool independent of indel formation.
Highly accessible DNA is more likely to be cleaved by Cas9 (Chari et al. 2015) and sgRNAs with multiple potential cleavage sites in amplified regions cause a greater fitness defect (Wang et al. 2015; Aguirre et al. 2016; Munoz et al. 2016) , although this latter trend has not been observed in other screens (Tzelepis et al. 2016) . To test this idea on a genome-wide scale we compared the predicted number of sgRNA matches in the genome to the level of depletion in the pool and indeed found a strong overall correlation (Fig. 2B ). For this same reason, nontargeting control sgRNAs in the EKO library were actually enriched compared to the rest of the targeting sgRNAs in the pool (Fig. 1F) , and therefore not an ideal control distribution. For subsequent analysis, we instead redefined the control set for RANKS as the 213,886 sgRNAs that targeted genes never reported as essential in any published screen, and we also removed all sgRNAs with more than two potential off-target cleavage sites and applied a fixed correction factor to sgRNAs with one or two potential off-target sites (see Supplemental Information and Fig. S4 ). This adjustment of the control sgRNA set allowed significance values to be reliably established, but left the relative gene rank order virtually unchanged (R-squared=0.978).
Universal essential genes
The EKO library screen identified a total of 2,280 fitness genes in NALM-6 cells below a false discovery rate (FDR) of 0.05, which we generically termed essential genes (Table S3) . Of these essential genes, 269 were specific to the NALM-6 screen: 225 corresponded to well-validated RefSeq genes, including 19 RefSeq genes not assessed previously, and 44 hypothetical genes annotated only in AceView or GenCode. The set of essential RefSeq genes in NALM-6 cells overlapped strongly with three previously identified sets of essential genes using different libraries, cell lines and methods ( Fig. 3A) (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) . For direct comparative purposes between studies, we examined a set of 16,996 RefSeq genes shared between the EKO library and two published sgRNA libraries (Hart et al. 2015; Wang et al. 2015) . We identified 486 genes that were uniformly essential across our NALM-6 screen and 9 previous screens in different cell lines (Hart et al. 2015; Wang et al. 2015) , referred to here as universal essential (UE) genes ( Fig. 3B ; Table S3 ). This UE gene set was smaller than previously reported common essential genes in previous screens (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) but was similarly enriched for processes required for cell proliferation and survival, including transcription, translation, energy metabolism, DNA replication and cell division (Fig. 3C ).
To investigate the nature of essential genes as a function of cell type, we plotted the number of shared essential genes across the 10 different cell lines. For clarity, we use the term contextually essential (CE) to refer to genes essential in more than one cell line but fewer than in all cell lines and lone essential (LE) to designate any gene that is uniquely essential in a single line. As opposed to a simple monotonic decay in shared essential genes as a function of cell line number, we observed a bimodal distribution whereby the number of shared essentials rapidly declined as the number of cell lines increased but then plateaued and peaked slightly at the maximum number of lines (Fig. 3D) . To assess the potential effect of score threshold on the bimodal distribution, we examined the relative distribution of scores for essential versus nonessential genes as a function of cell line number (Fig. S5A ). This analysis revealed that CE genes, especially those essential across many lines, often scored only slightly below the FDR threshold in other lines, consistent with genuine fitness defects that failed to reach significance in particular screens. However, it was also clear that many CE genes had no apparent fitness defect in particular cell lines, suggesting that bimodality was not merely driven by random effects in borderline essential genes (Fig. S5A) . Indeed, we observed that bimodality was preserved over a wide range of essentiality thresholds (Fig. S5B) . Variable essentiality across cell types may also reflect the expression of partially redundant paralogs (Wang et al. 2015) .
Consistently, genes with one or more close paralogs (>30% protein sequence identity) tended to have significantly lower essentiality scores in NALM-6 cells (P=3.6e-121, Wilcoxon test) and to be essential in fewer lines overall (P=1.5e-121, Wilcoxon test, Fig. S5C ), but again this effect accounted for only a small fraction of the observed CE genes.
We assessed three different possible models that might help explain the observed bimodality of gene essentiality across cell lines. A random model represented the situation in which each gene was equally likely to be essential in any given cell line. A binary model corresponded to the scenario in which each gene was partitioned as either essential in all cell lines or not essential in any cell line, with an arbitrary constant for experimental noise. A continuous model represented the case in which each gene was assigned a specific probability of being essential in any given cell line (see Supplemental Information and Fig. S5D ). The continuous model provided the best fit to the observed distribution as it was the only model that accounted for the prevalence of essential genes in the medial fraction of cell lines (Fig. 3D ).
This result suggested that gene essentiality is far from an all-or-none effect across different human cell types.
Features of essential genes
Model organism studies have shown that essential protein coding genes are required for evolutionarily conserved processes in cell metabolism, macromolecular biosynthesis, proliferation and survival. Consistently, and as reported previously (Blomen et al. 2015; Hart et al. 2015) , we observed that the more cell lines in which a gene was essential, the higher the probability that this gene possessed a budding yeast ortholog and that the ortholog was also essential in yeast (Fig. 3E) (Giaever et al. 2002; NCBIResourceCoordinators 2016) . We also examined the converse question of why almost half of the essential genes in yeast were not universally essential in human cell lines. Out of 444 essential yeast genes with a human ortholog tested in all 10 cell lines, 387 orthologs were essential in at least one cell line, with a tendency to be essential in multiple cell lines. For the remaining 57 yeast genes that appeared to be non-essential in humans, 40 of these had GO terms linked to more specialized features of yeast biology. We also observed that as the number of cell lines in which a gene was essential increased, the greater the depletion of its sgRNAs from the library pool (Fig. 3F) , such that UE genes were associated with significantly greater fitness defects. Consistent with the enrichment for crucial cellular functions, the set of GO terms associated with essential genes became progressively more restricted as essentiality spread over more cell lines (Fig. S6 ).
Proteins encoded by essential genes tend to cluster together within interaction networks in yeast (Hart et al. 2007) , a feature also shown recently for human cells (Blomen et al. 2015; Wang et al. 2015) . Using human protein interaction data from the BioGRID database (ChatrAryamontri et al. 2015) , we observed that UE proteins tended to interact with each other more often than with random proteins (p<0.05, Fisher's exact test) and associated preferentially within maximally connected subnetworks, referred to as cliques (for clique n=3, p<0.05, Fisher's exact test) (Fig. 3G) . These results suggested that clusters of UE genes carry out a limited set of indispensable cellular functions.
Essentiality in human protein complexes
Essential genes tended to encode subunits of protein complexes as shown previously (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) , with a similar overall distribution as yeast essential genes ( Fig. S7A,B ; Table S4 ). We assessed the propensity of CE genes to interact with each other, and found that CE gene pairs essential in the same cell line were far more likely to encode subunits of the same protein complex than gene pairs that were essential in different cell lines (Fig. 4A ). This result suggested that like UE genes, CE genes tended to encode essential modules in the proteome.
We predicted that shared essential genes should strongly cluster cell lines by cell type identity, but found that a number of cell lines did not segregate with similar lineages (Fig. S7C) .
However, when cell lines were clustered by shared essential complexes, defined as complexes with at least one essential subunit, the hematopoietic cell lines NALM-6, KBM7, Raji, Jiyoye and the colon cell lines DLD1 and HCT116 were all precisely grouped together ( Fig. 4B; Fig.   S7C ,D). The functions carried out by essential complexes thus correlate with cell type identity more closely than the complete spectrum of essential genes.
At the level of individual complexes, a small number were comprised entirely of subunits essential in one or more cell lines, such as for the highly conserved SRB-and MED-containing cofactor complex (SMCC), exosome, the Rad51 homologous recombination repair complex and the DNA replicative helicase (MCM) complex (Fig. 4C) . However, the vast majority of complexes contained a mixture of essential and non-essential (NE) subunits ( Fig. 4D ; Table S4 ). In order to assess whether the variation in essentiality between subunits of the same complex reflected the evolutionary history of the complex, we examined protein sequence conservation across 46 vertebrate species and found that subunits essential in more cell lines tended to be more conserved and expressed in more tissues than other subunits of the same complex (Fig. 4E,F) .
To test the notion that essentiality may reflect centrality in protein complex structure, we estimated the physical proximity of subunits for known complex structures in the PDB with at least four mapped subunits (Rose et al. 2015) . Protein subunits that were essential in a greater number of cell lines tended to form more direct contacts with other subunits (Fig. 4G) . As an example, the conserved KEOPS complex that mediates an essential tRNA modification reaction (Wan et al. 2016 ) contained a core catalytic subunit (Kae1) that was essential in all lines, a tightly linked core subunit (TP53RK) essential in nine lines, and three auxiliary subunits essential in four (LAGE3), one (C14ORF142) and zero (TPRKB) lines (Fig. 4H) . The core Kae1-TP53RK subcomplex is flanked by the other subunits such that essentiality parallels structural centrality. The evolutionary plasticity of subunit essentiality is illustrated by the observation that Kae1 alone is sufficient for function in the mitochondrion, that three KEOPS subunits are essential in bacteria, and all five KEOPS subunits are essential in yeast (Wan et al. 2016 ).
NALM-6-specific essential genes
Of all the genes tested in common between our study and nine previous CRISPR/Cas9 screens (Hart et al. 2015; Wang et al. 2015) , 218 were uniquely essential to the NALM-6 screen. These LE genes had more protein interaction partners than NE genes (Fig. 5A , B) and exhibited higher expression levels in NALM-6 cells ( Fig. 5A, C) , two defining features of essential genes identified in other cell lines and model organisms (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) . However, LE proteins unique to NALM-6 cells were not as highly clustered in the protein interaction network as UE proteins (Fig. S8A , B), and had no more tendency to interact with UE proteins than NE proteins (Fig. S8C, D) . Across all cell lines, while UE and CE proteins showed a strong propensity to interact, LE proteins were no more likely to interact with the UE core than NE proteins (Fig. 5D ). These results suggested that LE proteins carry out a diversity of functions not strongly connected to the UE core, potentially as a consequence of synthetic lethal interactions with cell line-specific mutations.
The NALM-6 line bears an A146T mutation in NRAS (Bamford et al. 2004 ), analogous to mutations that activate KRAS in some leukemias (Tyner et al. 2009 ). As NALM-6 cells required the NRAS gene for optimal growth (Table S2) , other NALM-6 specific essentials may be required to buffer the effects of oncogenic NRAS signaling. For example, two of the 11 components of cytochrome C oxidase (mitochondrial complex IV), COX6A1 and COX8A, were essential for survival exclusively in NALM-6 cells, as were two cytochrome C oxidase assembly factors, COA6 and COX16 (Table S3 ). Cytochrome C oxidase is known to be activated by oncogenic RAS and is required for survival of other cancer cell lines that bear an activated RAS allele (Telang et al. 2012 ).
In addition to NALM-6, the Raji and Jiyoye cell lines screened previously are each derived from the B-cell lineage (Wang et al. 2015) . Surprisingly, of the 351 genes uniquely essential to one or more of these B cell lines (Table S2) , only four genes were essential to all three lines, namely EBF1, CYB561A3, PAX5 and MANF. Two of these genes, PAX5 and EBF1 are key transcription factors that specify the B-cell lineage (Somasundaram et al. 2015) , and were identified previously as shared essential genes between the Raji and Jiyoye cell lines (Wang et al. 2015) . MANF, encodes mesencephalic astrocyte-derived neurotrophic factor and is expressed at high level in secretory tissues such as the pancreas and B-cells. MANF helps cells cope with high levels of protein folding stress in the endoplasmic reticulum (Lindahl et al. 2017) and also activates innate immune cells to facilitate tissue regeneration (Neves et al. 2016 ).
CYB561A3, encodes a poorly characterized ascorbate-dependent cytochrome b561 family member implicated in transmembrane electron transfer and iron homeostasis (Asard et al.) but its role in B-cell proliferation or survival is not characterized.
We also examined all of the genes that were essential only in B-cell lines and found that these tended to be more highly expressed in NALM-6 cells than genes essential in an equivalent number of other cell lines (Fig. 5E ), consistent with the higher expression of genes involved in B-cell proliferation in NALM-6 cells. These essential genes were significantly more likely to participate in the B-cell receptor (BCR) signaling pathway ( Fig. 5F ), which is often hyper-activated in chronic lymphocytic leukemia (Croft et al. 2011; Seda and Mraz 2015) .
Concordantly, disruption of this pathway reveals vulnerabilities specific to the B-cell lineage. For example, the BCR pathway components TSC2, PI3KCD, CD79B and CD19 were all essential in two of the three B-cell lines tested to date (Table S3) .
Residue-level features predict phenotypic effects of sgRNA-directed in-frame mutations
A fraction of indels introduced into genomic DNA following error-prone repair of a Cas9-mediated DSB will span a multiple of 3 base pairs such that the phenotypic effect will depend on the precise function of the mutated residue. For each sgRNA in the EKO library that targeted the 2,236 essential genes in NALM-6 cells, we identified the codon that would be subjected to Cas9 cleavage and hence the residue most likely to be affected by in-frame indels. We found that sgRNAs targeting predicted domain-coding regions were significantly more depleted from the pool than other sgRNAs targeting the same gene (p=1.8e-45, Fig. 6A ). This result confirms a previous focused study on high density sgRNA-mediated targeting of ~200 genes (Shi et al. 2015) and generalizes the effect to the diverse classes of domains encoded by the entire genome. Based on the high degree of significance of this result, we asked whether other protein-level features would also correlate with sgRNA targeting sites. We found that sgRNAs targeting disordered protein regions were significantly less depleted than other sgRNAs targeting the same gene (Fig. 6B ). The significance of this trend also held when the analysis was restricted to regions outside of Pfam domains (p=8.98e-6, data not shown). Disruption of more conserved regions caused significantly more depletion than for less conserved regions of the same gene (Fig. 6C ). Targeted regions that encoded a-helices or b-sheets were also significantly more depleted than other regions (Fig. 6D ). Buried residues within a protein structure were more depleted than accessible residues (Fig. 6E ). Finally, sgRNAs targeting interfacial regions between two protein subunits were more depleted than non-interfacial regions of the same protein (Fig. 6F ). Integration of each variable into a single linear multi-variate model, together with the number of potential off-target cleavage sites and predicted sgRNA efficiencies, revealed that every variable was significantly and independently correlated with relative sgRNA depletion (Table 1 ). This result indicated that each residue-level feature contributed to the phenotypic effects of in-frame mutations (Fig. 6G ).
Essentiality of alternatively-spliced exons
The EKO library was designed in part to target specific alternatively-spliced exons, many of which are found in essential gene loci. From the depletion of sgRNAs targeting these exons, we were able to classify individual exons within essential genes as either essential or non-essential (Table S5) . We analyzed the 2,143 alternative exons within RefSeq-defined coding regions of essential genes in the NALM-6 screen, each of which was covered by at least 3 sgRNAs with ≥20 reads, to identify 462 exons with sgRNAs that were significantly depleted (FDR<0.05).
When we compared these essential alternative exons to non-essential exons (N=592, FDR>0.3) in essential genes, we found that the essential exons were more likely to overlap protein domains ( Fig. 7A) , less likely to contain long disordered regions (Fig. 7B ), more conserved across 46 vertebrate species (Fig. 7C ), and more highly expressed at both the protein (Fig. 7D) and mRNA ( Fig. 7E ) level. Importantly, mRNA expression analysis showed that all 462 essential exons were expressed in NALM-6 cells. We also mapped the exons to full-length isoforms in the IsoFunct database, which assigns Gene Ontology functions to individual protein isoforms (Panwar et al. 2016) . Isoforms that contained essential exons were more likely to be functional (i.e., higher IsoFunct scores) than isoforms with non-essential exons (Fig. 7F ). The nonessential nature of particular exons may reflect structural features or protein interactions associated with the exon encoded region. For example, the anaphase-promoting complex/cyclosome (APC/C), contains a non-essential exon in the essential gene ANAPC5, which interacts with ANAPC15, itself a non-essential component of the complex (Fig. 7G ) (Chang et al. 2015) . These results suggested that the EKO library can effectively distinguish essential from non-essential alternatively-spliced exons within essential gene loci, and that many alternatively spliced exons of essential genes are non-essential.
Genetic analysis of hypothetical genes
The EKO library was also designed to target unvalidated hypothetical genes that are currently absent from the RefSeq database (NCBIResourceCoordinators 2016). We identified these hypothetical genes from the AceView and GenCode databases, which annotate loci on the basis of expressed sequence tag (EST) and/or RNA-seq evidence. Because many hypothetical genes may be expressed pseudogenes present in more than one copy in the genome, we excluded all sgRNAs with close mismatches to the genome in order to avoid depletion effects due to multiple cleavage events. When we considered only sgRNAs with a single potential cleavage site, we identified 44 essential genes (FDR<0.05) that were absent from RefSeq (Table S3 ). Similar to most poorly annotated hypothetical genes, these genes tended to encode short polypeptides, with a median length of 153 residues and a maximum length of 581 residues (Fig. 8A) . We found that these essential hypothetical genes were more highly expressed across a range of tissues than the 2,000 hypothetical genes with the least depleted sgRNAs (Fig. 8B) .
We also analyzed a comprehensive mass spectrometry-based proteomics dataset that covers 73 tissues and body fluids (Wilhelm et al. 2014) and found that the 500 hypothetical genes with the strongest sgRNA depletion scores were more likely to have evidence of protein expression than the 2,000 genes with the lowest sgRNA depletion scores (Fig. 8C) . However, alignments across 46-vertebrate genomes revealed that the essential hypothetical genes were not more conserved than their non-essential counterparts (Fig. 8D) , suggesting that the essential functions were acquired through recent evolution. These results suggest that at least a fraction of newly evolved uncharacterized hypothetical genes are likely to be expressed and perform important functions.
Discussion
Genome-wide collections of genetic reagents have allowed the identification of essential genes and insights into the functional architecture of model organisms. The first genome-wide CRISPR/Cas9 and gene-trap screens have defined a draft map of essential gene functions across a variety of human cell types (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) .
Here, we have applied the high-complexity EKO library to define new essential features at the level of protein residues, alternatively spliced exons, previously uncharacterized hypothetical coding regions, and protein complexes.
A continuum of gene essentiality
We combined our screen data with two previously published CRISPR/Cas9 screen datasets to define a minimal set of 486 UE genes across 10 different cell lines of diverse origins. As opposed to a simple monotonic convergence on a core set of essential genes, we observed an unexpected bimodal distribution of essential genes as a function of the number of lines screened. This distribution was best explained by a continuous variation in the probability of gene essentiality as opposed to a simple all-or-none binary model. This continuous probability model likely reflects genetic and/or epigenetic background effects, wherein different cell line contexts provide different levels of buffering against the loss of potentially essential genes. In this sense, the number of cell line backgrounds in which a gene is essential can be thought of as a form of genetic interaction degree, whereby the interaction occurs between any gene and a complex genetic background, as opposed to between two genes. In yeast, strain background markedly affects gene essentiality due to high order genetic interactions (Dowell et al. 2010) , such that the essentialome of a particular cell must be defined in the context of a precise set of genetic and/or epigenetic parameters.
The essentialome may be thought of as an onion with multiple layers that become progressively more context-specific. As we show here, UE genes at the center of the onion make quantitatively greater fitness contributions than progressively more cell line-specific essential genes. The middle layers of the onion correspond to the plateau in the bimodal distribution in which genes are essential in specific cell lines. The definition of essentiality is obviously influenced by the definition of experimental thresholds, but the continuum of essentiality is nevertheless apparent regardless of the specific threshold. Based on the current but limited analysis, we estimate that this consensus essentialome for 8 or more cell lines will encompass approximately 1,000 genes. This number intriguingly is close to the number of 1,114 essential genes required for yeast growth under optimal growth conditions (Giaever et al. 2002) .
It is important to note that this quantitative model of essentiality does not rule out the existence of a set of true UE genes. In fact, the continuum model predicts a smooth decline out to the maximal number of lines, in contrast to the sharp step increase observed experimentally at the maximum. This observation suggests the existence of a small set of UE genes that may be qualitatively distinct from the continuum of essentiality captured by the model. This set of essential functions likely corresponds to the structural and enzymatic core of the proteome, to which other essential functions have been added and subtracted through the course of evolution.
A continuum of essential subunits in protein complexes
As in model organisms and as suggested by previous studies, the proteins encoded by UE genes tend to cluster together into modules in the protein-protein interaction network. This correlation between centrality and lethality is a robust feature of biological networks. Although originally posited to reflect the central location of essential proteins in network graphs (Jeong et al. 2001) , this topological argument has been overturned in favor of the idea that essential proteins perform their functions as complexes (Zotenko et al. 2008) . This notion has in turn been supported by the claim that protein complexes exhibit a tendency to be composed of mainly essential or mainly non-essential subunits (Hart et al. 2007; Ryan et al. 2013) , such that the interactions of essential protein subunits would naturally cluster together. A surprising outcome of our analysis across multiple different human cell lines is the extent to which subunit essentiality for any given complex varies between cell lines. Our analysis of structural data suggests that UE subunits form the functional and structural core of essential protein complexes, to which CE, LE and NE subunits are appended. This observation probably reflects the fact that protein machines have acquired progressively more subunits through evolution, and that more recently evolved subunits tend to lie outside the essential structural core (Kim et al. 2006; Blomen et al. 2015) . This variable essentiality of protein subunits is consistent with the lethality-centrality relationship (Fraser et al. 2002; Zotenko et al. 2008 ), but suggests that network evolution may also help drive the observed correlation (Coulombe-Huntington and Xia 2017).
Cell line-specific essential genes and synthetic lethality
Only 4 essential genes were uniquely shared between the B-cell derived Raji, Jiyoye and NALM-6 lines, and only 35 genes were uniquely essential in B-cells and shared between two of the three lines. Similarly, a recent study identified only five essential genes shared between five acute myeloid leukemia (AML) cell lines, and 66 shared genes between at least three of the five lines (Tzelepis et al. 2016 ). These results suggest that genetic and epigenetic variation between lines may dominate the cell line-specific essentialome. Indeed, the majority of essential genes identified in human genome-wide screens to date are unique to single cell lines. In comparisons of wild type and laboratory yeast strains, which exhibit similar sequence variation as any two human individuals (Engel et al. 2016 ), strain-specific essential genes have a complex contextual basis due to multiple undefined genetic modifiers (Dowell et al. 2010) . It seems likely that many cell type essential genes will reflect specific synthetic lethal interactions associated with the unique spectrum of cancer-associated mutations in any given cancer cell line. If on average each mutation yields 20 synthetic lethal interactions (Blomen et al. 2015; Costanzo et al. 2016 ), only 10 cell line-specific loss of function mutations would be needed to account for a specific essentiality profile of 200 LE genes. As an example, several components of cytochrome C oxidase and its assembly factors were specifically essential for survival in NALM-6 cells, potentially as a consequence of oncogenic RAS signaling (Telang et al. 2012) , which is known to cooperatively trigger senescence in conjunction with mitochondrial defects (Nakamura et al. 2014) . From a therapeutic perspective, the variable subunit essentiality of protein complexes suggests that a window of genetic sensitivity may exist for essential functions that are partially compromised in cancer cells (Hartwell et al. 1997; Hartman et al. 2001 ).
Evolution of new functions
Recent RNA-seq and proteomics studies have illuminated the magnitude of alternative splicing in mammals and the attendant proteomic and phenotypic diversity generated by this mechanism (Barbosa-Morais et al. 2012) . Different splice isoforms can have radically different functions, as for example pro-or anti-apoptotic splice variants of BCL2 (Kontos and Scorilas 2012) . Limited systematic studies on dozens to hundreds of isoforms suggest that exon composition can often dramatically alter protein interaction profiles (Ellis et al. 2012; Yang et al. 2016) . Our genomewide screen with the EKO library suggests that a large fraction of alternatively spliced exons in essential genes are not required for cell survival. This result suggests that alternative splicing has evolved as a means to diversify protein structure and interactions without compromising essential functions. Our data also shows that essential exons in general tend to encode structured protein domains that are more highly conserved and highly expressed, whereas nonessential exons tend to encode intrinsically disordered regions. Non-essential exons likely represent the first step towards the evolution of new functions, some of which may be then destined to become essential.
In contrast to the generation of new genes by duplication (Ohno 1970) , the de novo appearance of new protein-coding genes is a poorly understood but nevertheless important evolutionary mechanism. For example, in mammals 1,828 known genes are unique to the primate lineage and 3,111 unique to rodents (Zhang et al. 2010) . Proto-genes are genetic loci that produce very short proteins unique to each species and it has been suggested that a large pool of such potential genes exist in yeast (Carvunis et al. 2012) . If a proto-gene assumes a beneficial function, it will be subjected to selective pressure and co-evolve across related species, such that even young genes can rapidly acquire essential functions (Chen et al. 2010 ).
However, the detection of such proto-genes is hampered by the absence of sequence conservation and short length, which often precludes detection by mass spectrometry (Bruford et al. 2015) . As shown here, CRISPR/Cas9-based screens allow the systematic functional analysis of hypothetical human genes. We detected an essential function for 44 hypothetical genes that was consistent with mRNA and protein expression data. These essential hypothetical gene functions were also evident across 36 different EKO library screens under various chemical stress conditions (data not shown). Although we cannot exclude the possibly that some of these loci may be non-coding RNA genes or pseudogenes, it is probable that these short reading frames represent newly evolved human genes. The biochemical interrogation of the corresponding proteins should help identify the function of these new candidate genes.
Although we restricted our analysis to currently annotated hypothetical loci, it will be feasible to systematically query all short open reading frames in the human genome with dedicated sgRNA libraries.
High resolution disruption of the human genome
Genome-wide CRISPR/Cas9-based screens have ushered in a new era of systems genetics in human cells (Shalem et al. 2015 ). The EKO library demonstrates the capacity of high resolution CRISPR/Cas9 screens to define gene essentiality across scales in the human proteome. Table S6 ).
Screen for essential genes
A doxycycline-inducible Cas9 clonal cell line of NALM-6 was generated by infection with a Cas9-FLAG lentiviral construct and puromycin selection, followed by FACS sorting and immunoblot with anti-FLAG antibody to select a tightly regulated clone. The inducible Cas9 cell line was infected with pooled lentivirus libraries at MOI = 0.5 and 500 cells per sgRNA. After 6 days of blasticidin selection, 140 million cells were induced with doxycycline for 7 days, followed by periods of outgrowth in the absence of doxycycline. sgRNA sequences were recovered by PCR of genomic DNA, re-amplified with Illumina adapters, and sequenced on an Illumina HiSeq 2000 instrument.
Scoring of gene essentiality
A RANKS score was calculated for every gene targeted by ≥4 sgRNAs represented by ≥20 reads in one sample. A single-tailed p-value for each sgRNA was obtained by comparing its ratio to that of the control sgRNAs. The RANKS score was determined as the average log e pvalue of the sgRNAs targeting the gene or exon. Gene/exon p-values were generated by comparing the RANKS score to a control distribution of an equal number of control sgRNAs for 5 million samples with FDR correction (Benjamini and Hochberg 1995) . The 2,043 non-targeting sgRNAs were used as controls in calculating the original RANKS score for scoring method comparisons and the binned rank analyses. To control for non-specific effects of Cas9 cleavage, the entire EKO library was used as a control after removing sgRNAs that targeted previously documented essential genes (Blomen et al. 2015; Hart et al. 2015; Wang et al. 2015) and sgRNAs with ≥2 predicted off-target cleavage sites. A fixed correction factor was applied to sgRNAs with 1 or 2 predicted mismatches. For the identification of essential non-RefSeq genes, only sgRNAs with unique matches to the genome were used to avoid potential confounding cleavage events at paralogous loci. 
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TBA T A ATP5L PPP2R5B CLPTM1 CAPN9 USP35 GANAB CHGA CSRNP1 PSAP MYB RAD17 EIF5A GCLC MTERFD2 RBM8A COX17 RPS19 FAU UQCRH ACIN1 HNRNPC RPL37A TADA2B PPCDC RPL14 PAM16 EMC7 RPL35 RRN3 FDPS AURKA MRPS21 LSM2 SLC20A1 GFPT1 RPS14 GABPB1 MRPL3 RPS7 HSF1 MOGS MAF1 BECN1 ALAS1 NDUFAF1 SNAPC1 PRCC ZWINT ALAD CDC27 RHOH STX4 TSC2 MYH4 SNAP23 CD79B TPM2 CROCC GOT1 ATP6V0A2 FGFR1OP SLC33A1 SLC2A1 COX14 NFU1 DERL2 MED13 CCND3 ID3 HMHA1 VMA21 SMARCE1 SLC25A1 SMARCC1 SRM MSTO1 TAMM41 CTDSPL2 FTSJ2 SUPT20H FASTKD5 TAF15 ACTG2 CCNT1 CCAR1 C15orf39 PEX5 CLPX RUNX1 PTAR1 1 SMARCAL1 NDUFAF7 ERG DNAJA4 GIGYF2 CBFB FANCM FUBP1 TADA1 ERH LIG3 TIPIN GCH1 KIAA1211 HIST1H4B FAM20A SLC52A2 ATP1A3 SMR3A MYH7B KAT6A PBXIP1 IRF4 FAM136A MYEOV VPS8 ANKS1A ACSF2 ARID3C C1orf112 VRTN FANCB LAD1 GNPNAT1 FDX1 NOTCH2 EGR2 FCN2 TTC31 XRCC1 TLE4 DNAJC16 VAT1L NFE2L1 CCNF TRIT1 HNRNPA1 EIF2AK1 PIGO LINGO4 PLEKHA4 ATXN1 PHF20 GOT2 ZFAT C14orf93 RAI1 MMP17 AFF1 EPS8L3 RNF121 CANT1 ANKRD40 NRAS XPO4 FIGNL1 GP1BA MEX3C LMOD1 C1orf177 BASP1 ZNF641 CCDC90B RERE PLA2G4F PIANP PAN3 TRAF3IP1 C6orf132 LARP1 A T AD3A MLLT1 AKAP1 HRCT1 MFRP UBR5 GPSM3 UGP2 GLTSCR1 NGRN MYH2 SLAMF1 ZNF106 ARID3B MCOLN1 SGSM2 PRMT8 AXIN1 PPP1R13L SLC52A1 NDUFA9 DISP2 AKT1S1 TSSC1 PRR12 THRAP3 COX6A1   NOXA1  SHB ZNF219 C9orf163 NFATC4 HERPUD1 HCLS1 DNAJC19 GJB5 EHMT2 KCTD17 ADAR RFXANK FAM83E KRTAP10−8 KIF3C INSIG1 KRT78 TRIM24 ATP5J2 GLP2R HS3ST4 CMYA5 SCUBE1 FAM71E1 ATP1A2 SLC38A7 VASN MAST4 COA6 FANCG ATP2C1 MFSD12 HNRNPUL1 C6orf47 ITGAX SLC23A3 MICU2 GPR88 MYLK3 IDI1 ME2 TPK1 HDAC8   PKNOX1 NUGGC RBP3 RSPH1 COX16  KIAA1614 KIAA0141 MRPL50 BAI2 SH3BP1 ZNF687 ZFAND5 GATA3 DDIT3 CLCN6 FMNL2 DNAH10 UAP1 MPP3 NCKAP1L S1PR4 SP A TS2   NDUFA3 RBM27 FBXW9 MLLT6 COL4A2 SYK TTC14 GJC3 SLC19A1 CELF6 ZACN COL2A1 HK1 NACAD LCN10 PPFIA4 COX8A   RFFL SSH2 CACNA1S CARD10 MICU1 CLEC11A PLD3 PREPL ZW10 TEF RILPL1 HIST1H2BM AKAP6 RAVER1 SFXN4 SIGIRR HIST1H3I KRT2 MAD1L1 PFKP CACNA1A KAT2A PPP6C CHTF8 NUBP2 PEX10 DCTN1 NUFIP2 ZMIZ1 OTUD5 FANCC KPNA2 PHF12 MED28 MED29 SLC25A19 ANLN FANCL PPP1R12A BRIP1 GNB3 UBE2T NDUFB10 VPS33A FBXW7 ERAL1 LIN54 CHAMP1 MBTPS1 TIMMDC1 RAD1 FANCA DOLPP1 ADRM1 C17orf70 CAB39 TOP1MT POLG2 ING5 TIPRL ZMYND8 MRPS9 COQ5 MALSU1 CDK12 DDI2 YBEY GET4 GFM2 MRPS26 RNF168 ANKLE1 MTA2 MNT VPS54 EIF3K VPS53 CDK6 SKP2 EHMT1 ATP13A1 CNBP ALG8 DDN DTX4 CDC25A COMTD1 CEBPE PFDN1 RAC1 ACHE TRIM37 SH3PXD2B B3GALT4 SMIM7 SLC11A1 TMEM52 CREB1 ZMYND10 SNX4 SEC62 RASSF1 PTMS C11orf30 CCDC93 FAM186B ING3 IFI35 COPRS CCP110 COMMD9 ANKRD13B OPN4 PPME1 ATRN GAREML TIMP2 PAOX TBL1XR1 C12orf40 IPO4 TIPARP CPEB3 T10 ITGB1BP1 SCIMP SLC13A2 CHMP4A DAZAP1 CDC25B AGAP2 DNAAF2 C2orf72 MUTYH UBTD1 KRTCAP2 UST ITGA5 C20orf144 CYB5R4 ARF3 SRPK2 MRM1 USHBP1 TMEM184A SOX2 FUT11 BCL7B CCL26 ADHFE1 USP1 FBLN7 CCDC110 EME1 POMC C8orf46 ATMIN ZNF143 NARG2 QKI EAF1 CEP95 GNAI2 RBM20 DNAJC21 CIB3 CXXC5 TJP3 DNAJC12 GSG2 TXNDC17 DERL1 LRP10 USP48 HSP90B1 RDH5 ALG6 KIF14 IGF1R CHCHD1 ZBED2 FOXRED1   MTBP MON2 AMBRA1 STAG1 AUP1 KDM5C UBE2G2 ZC3H10 RTN4IP1 MDH2 NDUFB2 SIX5 TMEM165 FECH PNPLA8 POLE4 PAN2 SLIRP FANCD2 SLBP ANKRD11 C19orf70 PRR13 FLII PCM1 GRB2 PTPN11 SLC25A45 TARBP2 KCMF1 MAPK1 SEPHS1 MAPK14 DLG5 CTDSP2 RCC2 TCOF1 ATL3 THAP7 NSUN5 PRDX2 FOXA3   UFC1 PSRC1 PTPRH SLC7A4 NFE2 P A TL1  OVGP1 ZBTB2 SLC12A9 ABCD4 FHL2 ANP32B GATA1 ZFPM2 TSPYL2 RARG PLEKHG2 SERPIND1 BAZ2A ZCCHC7 GSC2 USP22 AKNAD1 GPR75 SGMS1 WAC KCNA2 UBE2A SNAP29 ANAPC7 YIPF3 EDNRB KCTD21 SLC26A10 HSP90AB1 TET3 MAPKAPK5 BTF3L4 PHLDB1 PIAS4 CLDN5 TSSK2 SYNPO2L ABCC1 SSBP3 INPPL1 ZBTB47 HVCN1 RCCD1 RGP1 RTN4R ZSCAN2 KCNK4 COX4I2   GSE1 GPC5 CIDEC ETHE1 C16orf71 FIBCD1 VWA7 FRMPD2 PPP5C FAM212B TBC1D2 FLVCR1 OSBPL7 MPL KIAA1432 ATG2A KIFC1 CNTN2 TRAFD1 EMC8 TOP3B AGMAT SCARF2 KDM2B C2 AIF1L ARHGAP22 ARVCF PLAU CLTCL1 YDJC GP1BB C1orf162 TCTN1 MMACHC ZMYM3 MADD GNAZ AZI1 PHGDH FAM155A COMMD6 NPAS1 UBL4B SDF2L1 CSF1 ZNF280A FADS2 ARHGEF4 LAMC3 KLHL22 CELSR2 SLC1A5 AIFM3 CD81 SMCHD1 DGCR6L SLFNL1 GRHPR PIM1 YBX1 KIAA1211L SP7 RAB36 P2RX6 GCNT1 DNAJC14 TACR2 FAM78A CDK8 SP3 ASCC1 WDR26 TXNRD2 WRAP73 DRGX TANGO2 SORT1 HIC2 SHE LPCAT3 OXER1 FERMT3 FAM71F1 BRMS1 FHOD3 CUL9 CCT8L2 TRMT2A DUSP26 GDPD5 MBD3 PLCB3 RHOC PRAME FOXE3   MYO7A IVL FNTA MAVS GSTP1 CHI3L2 KCNQ4 SERTAD3 DGCR2 ITPRIP NBR1 YPEL1 ANKS3 C22orf39 MTR CNNM4 MAP7D1 ZNF74 BID PYGM ZNF623 ZBED3 MMD ELN UBC CC2D1B DDX50 ZNHIT3 HLCS SOX9 NEK2 DPY19L4 TTC30B ELMOD3 NPB GPATCH1 USH1G PLAC9 NGLY1   TTLL6 EIF4H CNN2 GTPBP3 CORO7 ANP32E DUS4L WDR11 ATG13 PGA5 CACNB3 ZNF419 ADAM23 TMEM44 CLDN4 MPZL1 BIRC3 IL3 GABRD RHBDD2 GALNT5 ZNF660 METTL21B COMMD1 SPDYC KLHL36 UFL1 KLHL6 GPR162 SLC52A3 FAM175A PLCG1 FAM104A SDK2 MGAT5B CUL5 YY1AP1 PGBD2 PSME4 DCAF13 DLX1 EPAS1 PHF17 HID1 PRKAB2 CADM4 SPR MRC2 PRKCI CD300C TOP2B UPP1 PARD6B PPAPDC3 CCDC65 GRM8 PACS1 RALGAPA1 ARIH2OS KRT79 CLMP NPHP1 C19orf60 GTF2I B4GALT4 DDIT4 CD69 FAM76B FSBP MYL6 LRRC17 SALL1 MSI2 MAP3K6 MTERF CPED1 TP53 TMEM17 DLX2 AMZ2 SCOC TMEM179B FBXL13 C7orf61 VEZF1 LRIG1 MFN1 TMEM150A WSB2 SPHK1 ANKRD53 PPIF GLUL POC1B C7orf31 PPFIBP1 CAPRIN1 SLC27A5 ENPP7 ACTN4 ATF1 ABRA NUDT1 LIX1L LRRC43 PDCD6IP APOPT1 TERF1 CS PYGL EIF2A CUEDC1 SGPL1 POC5 SGTA CMSS1 RGS6 UFM1 C1orf229 TSPAN12 GK2 HIST1H3J ZNF263 URGCP RNF5 AMZ1 PAX4 HEBP1 C1orf100 SECTM1 YJEFN3 CYP4Z1 ZYX ZFP41 BCDIN3D CD63 LIMS2 USP42 CABP7 ZNF784 SLC16A5 CYP21A2 ABCA8 BCAR1 ABCF2 RPS6KB1 USP32 SLC39A1 PPP1R18 DVL1 MKI67 PILRA C1orf27 FAM49B CUTC HES4 CISD3 CCS HOXD11   MAP3K12 PURB FKBP6 RNF126 BCL2L2 AREL1 PARP2 SLC17A7 WBP1 MEIS2 TEX19 COMMD10 CREG2 GABARAP ZCWPW1 KCTD5 ZNF662 ARL3 DKK3 STRA13 AKIRIN1 TMEM174 GPR22 SLC25A39 STX1A NAT6 NRP1 PROB1 PRND MARK2 SDR39U1 CXADR MCFD2 IER3 GNS LRRC23 SERHL2 RBM43 HELLS EDAR TBL2 SLC35A1 RND1 PDE4C STK39 TNFRSF1B C7orf10 KCTD2 MDK CAP1 SLC6A5 IL25 KDM4B SQLE VWF KLHL7 SLC22A17 ZEB1 XKR8 SLC2A13 SCAMP4 CYP26B1 CAMKV CHL1 ASIP GATAD2B SHF B3GALT2 PLEKHH1 JUND LYPLA1 CCL18 PRDM16 FBXO43 BCL2L11 DLX6 ITGB1 GDF15 RNF19A HHIPL1 CYBRD1 RBP5 MTFR2 CD164 MMP14 TBX21 STK31 ADCY4 PDS5B GIMAP5 ZNF692 KDELR2 SLC38A6 C12orf68 IGFBP1 ACOX1 ARHGEF40 CELSR3 ENPEP SUGP2 G3BP1 CLDN3 TCEB3 GSDMD NR2F1 ZNF524 CNPY2 GIMAP8 ZC3HAV1   MBOAT2 ANAPC13 FAM183A ARL16 GGT7 B3GNTL1 CCDC104 PPP1R21 ZNF580 STK35 KBTBD2 C6orf1 ATP6V0E1 TRPS1 HSP90AA1 AGK C11orf54 FAM20C IL1A PPP1R15A FAM179B IGIP ATP9A DPYSL4 FZD6 HCN3 C9orf116 AATK C8orf22 LACRT COG1 CD40LG POR TRIM65 KCTD16 IGFBP3 ARHGAP9 PIN1 SOX11 AQP5 ZNF100 OTUD6B NDUFA5 BMP2K UCHL5 PDCD10 PLEKHD1 CHP1 TRIP6 TMEM243 FGFBP3 C2orf62 P4HA2 KIAA1279 SNX2 TBXA2R KLHDC8A DPM2 METTL25 RNF139 FLVCR2 PTP4A3 FAM134C ERBB3 ABHD10 MKLN1 SLC31A2 EIF4ENIF1 C17orf98 ITGB1BP2 SLC5A1 KIF5A C19orf25 ARHGEF25 KIAA1737 FOXJ1   RABL5 ZPBP ZNF394 BCL7A LIG4 LBH UFSP2 FILIP1L CBX4 TMEM229A YWHAG WDTC1 CRYBA2 IFITM2 RSPH6A WDR20 BEST3 FRMPD1 TPST1 IL31 ZNF789 PRKAG2 KCTD11 MUS81 RSBN1L MS4A7 HOXD8   GMCL1 PNPLA1 LYPD2 ACOT2 SLC4A9 TLE2 SH3RF2 SFT2D3 AFTPH IL31RA ZFAND2A KLRG2 FZD9 AGGF1 USF2 TRMT12 SRI ENDOU RNF166 BST2 PRR11 GXYLT1 KLC3 LCE6A GGH AHR SLC6A13 CYP3A43 CLEC3B LPIN3 LCE3C PGAM2 GIT2 CPN1 C11orf31 TWIST2 IFRD1 SLC6A14 USP10 UBE4B RNASEH2C USP8 METAP1 SUDS3 GID8 TIGD3 RNF8 KIAA0100 CDK2 PRKRIR PGM3 T1 POLG NR2C2AP ELP2 SEC16A TRIP13 EIF3J RNASEH2B SEC63 RNASEH2A MECR KDSR ZZZ3 SKA1 COG8 NAF1 ZNHIT6 SKA3 SUGT1 INTS7 DCTN4 SCYL1 DYNC1LI1 CCDC59 MGAT1 HEXIM1 ANKDD1A MTHFD2 GATA2 VPS4A PPP6R3 HIST2H2AB CAND1 EXTL3 INO80E DCAF15 CNTROB RPRD1B FAM122A SHARPIN IRF2BP2 LRWD1 CITED2 VCPIP1 BICD2 CREB3 SMG9 HNRNPH3 ZRSR2 PGP PMM2 SETD2 CIT EXD1 OGFR MYT1 SIPA1 CDC42BPG KEAP1 PEX16 SYT15 LEMD2 PCNXL3 ARL1 EIF4B IGSF3 MACROD1 RASGRP2 MAP3K11 KLF1 KPNA6 DPF2 ZFPL1 DUSP12 YAP1 RBBP8NL CHAC2 YIF1A KREMEN1 LAMTOR5 FBXL6 ELMO2 EFNA3 PKN2 TOR1A PROCR PPM1J COMMD3 ROPN1 FADD MESDC2 NTSR1 FGFR1 RHBDF1 MAP4K2 SCNM1 RAB7A LMNB1 TM7SF2 BNIP1 PIGV PRKRA TMEM41B MROH6 CT62 SAMHD1 DPM3 MAPKAP1 TM9SF2 PIGQ PIGU GPAA1 MAPK15 PIGM KDM1A PEX6 SLC35C1 AZGP1 SRRD KBTBD4 KLHL42 ERGIC3 HOXC5   BHLHA15 KCNH3 SCAND1 SPINT1 FAM83D TGOLN2 MGARP ZNF281 TERF2IP CLDN15 SNX32 GPR137 CRH UBA5 ELL3 C1orf56 CRY2 ASTL ARF1 IRS2 ROPN1L TP53I11 PRKAG1 GALK1 CNIH2 CELF1 FAM83H APOBEC4 SLC35A4 PUM1 ASRGL1 ZDHHC12 ALG12 C15orf53 TBC1D30 REM1 REEP2 UBE3A TGFBR1 SPAG4 FGF3 C2orf68 NUDT8 GJD2 C11orf84 MYRF CAPN3 TGFBR2 TTC9C LRRC26 FGF19 PHGR1 FAM13B NECAB3 C11orf86 SS18L1 IQGAP3 SH3GLB1 RAD54L AAK1 TBC1D10B HDDC3 SP A T A2   C6orf226 CDH16 C20orf201 BACH2 FUBP3 B3GAT3 ZNF428 SHC4 SYPL2 TTC33 HAPLN2 TTC4 DDX25 TPRN NPBWR2 TM9SF3 SLC29A2 PURA GRM2 ARAP1 OTUB1 PNPLA7 PPP1R14D SUOX   SLC5A12 C6orf15 BCAS4 LAMB2 SLC39A13 PPDPF MYO10 SDCBP C7orf43 CASC4 WFDC2 TMCO6 ZBTB3 BBS1 RNF114 CRTC3 RBPJL EIF1B RPL3L PCBP4 NFAT5 TNFRSF17 B4GALT7 SBSPON CASC1 ZER1 TNNC2 SHCBP1L C1QTNF4 RBM38 FNDC3B ZNF341 DALRD3 PNOC FIBP MUC1 LCN6 CDK2AP2 TBC1D21 STK32C IGDCC3 DAK FXYD4 COL27A1 CDK5RAP1 SAMD10 STT3B SYT12 LRFN4 B3GNT1 WDR54 INPP4B PC NRARP SLC15A3 PAK6 CEBPB GAL3ST3 ENDOG INO80C PIAS3 PMEL IKZF4 WFDC3 WBSCR27 KRT75 CABP4 NANP EAPP PLCB2 UBXN1 SLC25A25 HNRNPH2 RTN4RL2 ACR AAR2 RFX5 RHBDD3 HNRNPUL2 VWCE ASB6 CST2 TMA7 MAPK8IP1 TRERF1 GALR2 HNF4A TXLNA PHF8 NTMT1 RAPSN RFX1 ZNF750 BCAR3 PPFIA1 RELT DDR1 CTSF DNAJC4 PRSS35 AWAT2 SLC25A31 NFRKB CCRL2 CNOT4 NPDC1 EIF4EBP2 IRAK4 OPRL1 CAT WDR38 MYLK2 PRPH LINS CRIP1 TMEM242 TFAP2C ATP6V1B1 METRNL RNF11 PHIP TMEM151A TDP2 CDH12 PTGES2 CATSPER1 PEX11B SIKE1 RCN1 GRIN1 ANKRD32 LCN15 ZFYVE19 AKIP1 ARHGEF17 DAZAP2 RAMP2 ARFGAP2 SLC38A4 SLC2A4RG IFT57 SOGA1 SLC39A9 SENP6 SUPT4H1 NAA38 RSRC2 CYFIP1 STX5 ITGAV MED9 ZNF408 KCTD10 HM13 RBM12 ATF7 ILK PPP3R1 C14orf178 NCKAP1 EWSR1 MED4 DSN1 SPDL1 MED6 CCND1 TLN1 ORC5 SLC25A10 UTP18 BRAP ARGLU1 LAGE3 DDX5 USP7 BARD1 RRP36 PRPF40A CUL2 POLE3 KIAA0020 PPM1D CPOX   ERCC6L RHPN1 LIN7C ZWILCH FAM89B COL9A3 RSAD1 STRN3 ITGB5 PDPK1 NPM3 TRAPPC13 KIF2C NAPG ATRX SKA2 ENOPH1 CEP152 MDM2 SLC51B CENPF PTK2 NUFIP1 RBM34 PRKAR1A CNOT2 ZRANB1 SCYL2 HSD11B1L RNASE1 DPEP3 CACUL1 GDI2 NIPA1 NUDT16L1 ZNF597 TECR GPS2 C19orf24 PRRC2A PAIP2 GNG12 MCPH1 CELA2B ZNF48 TCERG1 NELFE RBMX2 SAFB C12orf10 SASS6 MDM4 GNB2 MAP3K2 C17orf50 CCL5 NDUFB1 LEO1 BUD13 MBNL1 RHOA KIAA0196 KIAA1033 SPTLC2 NSRP1 TBRG4 PGRMC2 IKBKG CD2BP2 CD79A PLEC AP1M1 ARPC2 GNB1 PDIA3 CSDE1 CBFA2T3 C22orf29 RIF1 CAMK2G FAM149B1 PFDN5 KCNMA1 LYL1 MAP2K3 QRFP PTPN1 UNC5B CDK4 CEP350 HPRT1 PSME3 ANKRD52 IWS1 APEX2 MAD2L1BP FAM96A MTHFD1L KPNA4 PPP1CC TMEM147 TMEM30A SARNP PEX3 CCDC33 C1orf86 TLE3 KRTAP10−9 WBP4 ST A T5B   EPT1 SIK2 UBL7 NCLN BCL2 CLK3 ERLIN2 AGPS TMEM209 SIAH1 PPIB RPGRIP1 COMMD4 ATPAF2 IRF2BP1 TRIP4 WHAMM FAF2 THAP4 STAG3 CSNK1G1 RBM5 TRAPPC9 USP14 MAN2C1 SAMSN1 RARA PEX7 ZFP36L1 KIAA1199 ZBTB45 SCAF11 STRN LMAN1L NCOA2 SMARCD2 SPTLC1 SPAG7 IKZF2 PAPOLG ZFP36L2 PEX14 SDHAF1 BIRC2 IL16 CHD7 TYRO3 TRAF2 TNIP1 CPSF7 KRAS SLC7A11 HELQ PPIP5K2 PEX12 COMMD5 ETAA1 MORF4L1 BRD1 RAD54B ETV6 CLPB KIF15 SLC28A1 CHD5 SUV39H1 GALE GFI1 STOML2 C6orf57 STAC2 TP53I13 PDXK PANK3 MPI MCM9 UBE2K ARHGAP1 CCDC47 SLC25A32 LOXL1 CCNL1 PLCL2 DRG1 ZNF148 ZNHIT1 NUP35 LENG9 TNKS ASNSD1 EPN3 PTMA CDKN3 RLF PLIN1 LIN28B C2CD3 KIAA1731 PIGH TRIM71 TMEM238 NF2 RPL28 BTF3 MPHOSPH6 COG7 KNSTRN MAP3K4 RPRD2 RMI1 ANKHD1 NOX1   AEBP2 IL17RE APEX1 CSTF2 AKT3 COG5 CPEB1 ARC LRRFIP1 WDR89 PPIL1 PTTG1 TXLNG C7orf73 DEPDC1B API5 WNK3 ATP5H STMN1 YWHAZ B4GALT5 NTN3 MSL2 MSMO1 SLC39A10 ZC3H15 SZRD1 CCND2 PARVB WASL TLK2 FGFR2 OTX2 CEP63 PRDM12 C1D DYNLL1 CSPG5 SLAIN2 TSC22D2 NDST1 ACVR2A KPNA3 FGFR1OP2 MBIP ARHGEF26 POMP FOXP1   PPARG UBE2E3 KIT CYTH1 DNAJC7 MZT1 MAP2K6 NUSAP1 MAGOHB AKAP8L HSPH1 PRRC2C NEDD9 DIAPH2 POC1A SUCO ARMC8 RREB1 WIBG RGS9BP ALMS1 CEP41 ASPM AFF4 BANP PRDM4 CLCF1 PUM2 KDM3B NFE2L2 SLC25A5 SUB1 FTSJ1 PSMC3IP EFNA5 NRL KIAA0430 RASSF8 CHTOP PHF21A SCARF1 NBN PPP1R27 ODC1 CXorf56 CDC42 HAND2 SSR2 MERTK MAEA MCTS1 CFD FUS METTL4 SRP14 MPRIP RPS24 CEP44 G3BP2 SPICE1 KDM6A EIF4A2 VBP1 S1PR1 CAPNS1 YES1 NCOA6 LARP4 DNAJB9 LDLR TPRKB ZNF579 PDAP1 PARL VDAC2 HDAC9   FZD2 FAM204A STAU1  GOLT1B SIRT1 INTS12 MRPS17 NACA MND1 TUBA1C HAUS6 TSEN15 FUT4 UIMC1 C6orf48 MYL5 TGIF1 ANKRD17 RPRD1A NRTN FBXO11 SHH MRRF SLC6A9 SRSF6 THRA MPDU1 PTDSS1 C14orf2 ELOVL5 C5orf34 ZBTB40 RAPGEF6 RANBP9 ARHGEF12 FAR1 FJX1 NCOA1 CD9 MT4 BCL9L HYLS1 VGLL1 CALCB ARL6IP1 XPO6 SFRP5 COL1A1 NCSTN OPTC MTA1 GRAMD2 FKBP11 FERMT2 HMGXB4 TM9SF4 ESCO2 UBE2C PDK2 ADD1 BSDC1 CACNG4 TMED7 CCNDBP1 ATXN10 GNG3 C19orf66 CASKIN2 MAFK CHRAC1 ODF4 ZNF532 C17orf85 AIFM2 BBS10 TPM4 WDR48 ALDH7A1 ZNF785 PXN C1orf74 CDKN2AIP PPAPDC1B ARMC6 CDK5R1 STAMBPL1 PRLH YIPF2 TMUB2 TNRC6A TMEM185B UBN1 DSG2 C14orf166B TSPAN4 DEK SPECC1L IER3IP1 ACSL4 HT A TIP2   NR6A1 HR FBXO45 DNTT ASB16 SRGN CYP26A1 MGAT2 ABCG5 ERP44 KAZALD1 MAP1LC3B DAND5 SAMD12 MBOAT4 P2RY6 CSF2RB GAS2L2 EGLN1 ERCC5 CDIP1 ALKBH2 CNP GEM VCL RCE1 C10orf76 TH ZSCAN29 SLK HINT3 MKL1 VGF C6orf89 PDPR BNIP3 FLYWCH1   HPCA ALKBH1 H3F3B RBM6 TMEM82 ARMC5 SPOCD1 DUPD1 BCAT1 RBFOX2 PRR25 AJAP1 WDR44 ANGPTL5 NAP1L2 MAPK3 GPATCH4 CNFN SLURP1 LRP6 ADO NEURL ECHDC3 HIST1H3B SLC25A29 SERPINB5 CRK TPGS2 HKDC1 NIF3L1 PRPSAP2 AP2B1 C5orf47 C2orf50 DEPDC1 CLRN3 ZDHHC2 PIH1D1 FERD3L SEC23IP ITGA2B PTTG1IP JPH3 LMAN2 LRSAM1 CACNB1 ADSSL1 IGFBP6 SETD6 DCHS1 BLNK CCDC22 ZNF609 ABI1 CAMK1 NPPB KPNA1 CDH2 DDX17 FCRL1 RASGEF1C PODXL GLUD2 PRKCE HOXD13   RAB24 TMEM255A HOXD9  CPSF4L BLOC1S4 IFIT3 FAM120AOS CCDC85B C17orf96 IL36B QPCTL PRSS27 ATRNL1 WNT6 PDCD2L DYDC2 MOB1B CYP2A7 WBP2NL TRIM16 CRYGB ATE1 PPM1G B4GALT2 KLHL35 PCDH18 SH3BGRL3 DNMT3A ANKRD37 SAPCD2 HNRNPD BTRC PLOD1 INS FAM212A WWTR1 C11orf94 MLF2 DOCK7 ARL4C LILRB5 GALNT7 C5orf15 MSL1 TMEM42 FRMD4A SLC16A14 C8orf58 TCF7 NAV2 CCSER2 LNP1 COL8A2 EVA1A ARHGAP15 HDAC2   NHLRC4 AMDHD2 FAM124A TMEM5 SYNGR3 C15orf62 OSBPL5 LDB3 DOCK10 PROL1 TRAF7 PRMT3 ADAM11 DNASE1 PRKCZ RAB11FIP1 ALKBH8 CLUAP1 C14orf142 VSIG10L INCA1 BZRAP1 USP38 TPM1 TCHH MIPOL1 SREK1 METTL23 FNDC8 PAK2 TSR3 SLX4 KRTAP20−3 ZNF324 NT5C3B PLAC8L1 KNDC1 NINJ2 WDFY2 CREB3L4 NASP DDX31 DPPA5 TFDP1 LRPAP1 MAMDC2 REST ARL6IP6 WHSC1 IL12RB1 SLMAP TMEM214 ZNF581 VSNL1 HNRNPA3 P A TZ1   DRG2 MCCC1 ZNF251 FADS3 ID1 FOXK2  PDGFRA FTCD CTF1 MCHR2 GNL1 PPP4R4 MBD2 JSRP1 AVPR2 ZNF629 CLINT1 DNAJC5 ACAA1 CLDN9 TRA2A POLR1D POLH SLC51A MOSPD3 CALML6 CXCL17 KIF4A PDZD7 APOL1 FRAT1 EPC2 USP12 TMEM194A BHLHE22 FAM101A CNOT7 MSN MAP2K5 EHD2 PYCR1 AMOTL1 ABCG4 P2RX2 TRH SV2C SP A T A7   TMEM144 RBM12B SLC26A8 ZNF511 ALPK3 HOXA13  C2orf66 THOP1 SIVA1 TTC37 EXOC2 SDHD YLPM1 DPY30 WDR24 MRPL35 STIL TOMM22 NIPBL MRPL24 EZH2 BRPF1 FBXO5 UBAP1 GTF2F2 PARS2 NAA35 PNISR MRPL19 TSFM ACAD9 SNRPA NSUN4 C16orf80 RNF40 PAF1 ATP6V1G1 TRAPPC8 PDCL CEP85 EXOC4 PGGT1B SMARCA5 GLTSCR2 EXOC1 POLR3D UROD   GTPBP8 PRPF39 SNAPC3 DDX27 FAM210A HT A TSF1  BRCA1 MED19 SMNDC1 NDUFB8 POLD3 ZNF574 SAMD4B DIDO1 CWC25 MRPL52 TRA2B METTL1 VPS72 TUBE1 WDR4 TOMM70A ARID1A PALB2 FH COQ6 PET112 MTG1 IMPDH2 METTL14 UQCRC2 TAZ C19orf43 CASC3 TFB2M RBM10 ACTR5 SYF2 EEFSEC TSEN34 STK11 RNF4 CDK13 MTRF1L TADA3 COQ3 NDUFS2 NDUFA11 NDUFB6 PPP2R4 UNC45A ERCC4 OXSM BRCA2 GLRX5 LSG1 NCAPG PSTK TUBD1 ORC2 RRP15 SEPSECS LIAS USP36 BRD8 EXOSC1 CSNK1A1 XYLT2 GAK TPR COQ2 COX10   UQCRFS1 COX6B1  METTL3 SMC6 MRPS18C MRPL15 NDUFA2 MRPL14 BTAF1 PPP1R15B MRPS27 RBBP8 GAR1 SAP18 E4F1 TBCE TRAPPC4 PLK4 COPG1 SETD1A INTS6 SLC39A7 ISY1 BRD4 TINF2 NAA20 RANBP2 ZCCHC9 CRCP TIMM22 TAF12 VHL SFSWAP CTDP1 SURF6 RSL1D1 CENPP PPIL4 LONP1 C18orf21 EIF4E ZBTB17 RPF1 PPP1R7 TTF1 NUP153 ZC3H8 PSMD8 C12orf45 OIP5 COG3 PPP1R35 TRMT6 PDCD7 NSMCE4A TOP3A C19orf52 PSMG1 CPSF4 NSMCE2 ATP6V1C1 UTP11L UBR4 NUP43 SRPRB WDHD1 SNF8 ILF2 CPSF6 EIF1 NOM1 THOC1 SMC5 BRF1 EXOSC3 CUL3 TACC3 ANAPC15 ZFC3H1 MYBL2 WRB PMVK FKBPL SLC31A1 REV3L CDC7 CENPL ANKRD49 FCF1 GEMIN2 SURF1 ABHD11 C9orf78 TMEM258 NAALADL1 SP1 MCL1 TXN COX11   BAG6 ABCE1 MOCS3 NAA30 SLC25A3 MRPL42 PDCD2 VPS16 MDC1 VPS45 HSD17B12 GON4L TRIM28 SPRTN SCGB1C1 CTC1 CCDC115 CLNS1A BRD2 URM1 ZNF622 RTEL1 ATP1A1 HGS TRAPPC3 ABCF1 MED18 PNO1 RTF1 TUBGCP3 UTP14A OBFC1 XRCC3 CTNNBL1 WNK1 DLD PFDN6 UBA2 ATP5B NSMCE1 RPLP2 NRF1 RINT1 YKT6 TBCA TRAIP NAE1 HJURP PNPT1 CENPW SNUPN MAD2L2 CRNKL1 WDR92 RBM17 RRP12 EXOSC10 LUC7L3 SYS1 CHMP6 POLR3K TSEN54 MRPS18B PPRC1 SNRNP35 CCDC94 MIS18BP1 NUP88 KANSL1 ZNF407 SNAPC5 RPL27 KIAA0391 PPP1CB COG4 VMP1 ACLY PSMD12 ANAPC11 FPGS ZNF335 NUP188 STRIP1 TYMS FDXR TPI1 NOC2L HAUS1 RPL15 SUGP1 PWP1 MAGOH HNRNPL RPS16 XRCC6 RBX1 MCRS1 SAP30BP RPL7A RPL18A COX7C   DDX10 PPA1 NAMPT CHORDC1 SNRNP27 RPS8 PP A T  ATP5O EEF1A1 SMU1 RBM39 TUBB ADSS GAPDH TPT1 NOL11 KAT5 UBE2M RPL36 POLR3E CDK1 DNAJC17 IDH3A SIN3A CWF19L2 PGS1 CNOT1 PRIM1 EIF3D ETF1 CCDC86 INTS5 TXN2 NOB1 PKM MAU2 CPSF3L EXOSC5 RAN MTOR MAT2A OSBP NRDE2 DNLZ UBE2I C21orf59 YAE1D1 GPN2 AARS CSNK2B TAF10 RBBP5 REXO2 CAD BCS1L CRLS1 MTIF2 PCYT1A MTHFD1 GPI GNB1L MTPAP EIF2B4 DTYMK DLST PFAS AHCY DHFR NARS2 AURKAIP1 GMPS INO80 ATIC EMC1 MRPL16 NUDCD3 PGD WDR7 COASY MVD UMPS CTPS1 DAP3 GART ADSL YY1 CDC45 RAD21 RPL10A MRPL17 RPL3 RBM28 RFC1 TMEM199 RPL19 SNAPC2 UFD1L RNF113A MFN2 EIF2B5 PSMD11 N6AMT1 GBF1 RIOK2 POP7 SYMPK BRIX1 SOD1 NAA50 WBSCR16 ZNRD1 FNBP4 C15orf41 SEH1L KIAA0947 RPP40 TTK PREB SLC35B1 CHAF1B PSMA5 NAA15 SKIV2L2 EXOSC9 RAD51D PMPCA DNAJC9 SF3B5 DDX52 CEP192 RPN2 WDR55 AKIRIN2 HAUS4 MRPL9 NAA10 NPLOC4 RPUSD4 USPL1 OGT NOL12 SSRP1 DGCR14 PPP2CA YTHDC1 NOP58 RPP14 EBNA1BP2 CDC23 SF3B4 ARPC4 WDR5 HSPA5 RPAP1 FNTB AQR POP1 TOP2A C1orf109 MED30 SMC4 RUVBL2 MRPS6 NUP93 INTS9 MCM4 SUPT5H EIF1AD ISG20L2 SDAD1 NSA2 WARS RPL18 BUD31 MDN1 RRM1 COPS5 SMG1 MCM7 RPP21 NCBP2 HDAC3   DDB1 WEE1 GPKOW PPAN DONSON ECD WBSCR22 RPL11 NUP98 AFG3L2 PCNA TIMM10 BRF2 ARMC7 PRMT1 TWISTNB PSMD4 DHX15 HNRNPU DDX18 RPL12 UTP3 SRSF1 DHX38 TUT1 SNRPE GRWD1 NAA25 SMC1A SLC7A6OS DHDDS THOC5 MASTL RPL4 YARS GPN3 EIF2B2 GEMIN5 SRRT UPF1 POLR2D DDX51 ANAPC2 MYC WDR43 POLR2C BIRC5 UBL5 DDX41 SNRPF GTF3C1 RBM25 SPC24 PSMD13 EXOSC4 TUBG1 TTI1 COPB2 ATP6V1D PSMD3 PUF60 MAK16 PDCD11 CINP LARS ATP5D RAD51C TAF6 TNPO3 SRSF7 PLK1 FAM96B NOC4L POLE2 SART1 RPL8 ALG11 DDX21 SARS DDX20 PSMD1 PES1 ISCU TIMM13 GINS3 YARS2 SRSF2 PSMB6 PTPN23 EIF2B1 FARSB ERCC3 RPN1 NUBP1 NVL GTF2H4 PSMG3 PHB EIF3G SNRPD3 NOL10 NFS1 WDR77 TPX2 DCTN2 WDR75 POP4 NUDT21 KARS FTSJ3 PKMYT1 MMS22L NAPA ZBTB11 MED27 UTP23 DYNC1H1 C3orf17 SF1 POLR3A DTL SNORD95 MCM6 RPL27A SF3B2 TXNL4A SF3A2 CENPM AAMP RAD51 BUB3 EIF2B3 TUBGCP6 DKC1 NLE1 INTS3 ATP6V0B MED20 SLMO2 THOC7 PRPF38B CCT4 RPS2 RPA1 PPIL2 KRI1 POLR3C DDX49 POLA2 CPSF1 CLTC SEC61A1 GTF2B POLR1C POLR2G HAUS3 DIEXF SMC2 EXOSC7 LSM7 NUP107 ORAOV1 CDK9 HAUS5 RFT1 DNMT1 DDX46 ARL2 ERCC2 EXOSC2 USP39 RPS21 RPL13 PSMD6 EXOSC6 PWP2 TRAPPC5 NARS KIN NCBP1 RFC2 DARS C10orf2 GTPBP4 EEF2 TARS PSMA2 NUP155 UTP6 DDX54 RTFDC1 U2AF2 MFAP1 POLR2A CIAO1 ANAPC4 DDX24 RPL38 EFTUD2 TIMELESS WDR3 MPHOSPH10 TBL3 KANSL2 SRBD1 EXOSC8 DDX47 GPS1 GSPT1 PSMD7 PSMB1 SSU72 AURKB TTI2 TRRAP ZMAT2 TONSL PSMC3 UTP15 COPB1 CDC16 PSMD14 POLR1B GRPEL1 RRM2 ATP2A2 GINS2 PRMT5 MARS DAD1 RNMT CDC6 WDR70 LRR1 EIF4A3 METTL16 EIF6 CCT7 WDR74 CHAF1A CARS NUP133 COPA SNIP1 RIOK1 CLP1 KPNB1 RFC3 DNAJA3 PSMB4 ACTL6A ANAPC5 EIF3I USP5 RPL7 U2AF1 PSMB3 TSR1 RABGGTB UPF2 CCT2 RPS11 NDC80 ORC3 PSMA1 TIMM44 RFC5 RAE1 TIMM23 RUVBL1 DPAGT1 DIS3 ARCN1 RNGTT RPS4X PSMC5 TSR2 POLD2 NUP214 MEPCE VCP NAT10 CEBPZ PCID2 TAF1C SART3 CDC73 SF3B3 NUP85 PRPF6 CDC123 NIP7 POLR2L POLA1 MCM3 RABGGTA SON QARS LAS1L FEN1 IPO13 RNPC3 PRPF31 DCTN5 POLR3H NARFL ATP5A1 RCC1 HNRNPK EIF5B VPS25 WDR61 PTPMT1 CCDC84 CASC5 DDX23 TOP1 SACM1L MED17 PRPF19 MRP63 UBA1 ATP6V1A TRAPPC1 EIF3A CSE1L MRPL39 DDX56 RACGAP1 NUP62 DBR1 COPZ1 GGPS1 DIMT1 EIF2S1 PNN TTC1 PAFAH1B1 RBBP6 RCL1 MYBBP1A NSL1 SFPQ NOL9 DGCR8 SF3A3 CDT1 SUPT6H ZNHIT2 VARS RPS13 NELFB TUFM ATP6V0C DHX16 DDOST TTC27 CHEK1 PSMB7 ECT2 KANSL3 SAE1 XPO1 TCP1 CCT3 IARS NDUFAB1 RFC4 NCAPH SP A T A5   POLR2I NDNL2 POLR1A RANGAP1 CPSF2 MED11 PSMB2 NUDC IKBKAP NOP2 POLR2B RPS18 HEATR1 NDOR1 SNAPC4 CENPA RPL31 PRPF8 CCNA2 PSMA3 TRMT112 PRPF4 ZNF259 RPP30 GMPPB PAK1IP1 CKAP5 CDC20 SP A T A5L1   OSGEP TICRR DHX8 TBCD PMPCB NOP9 ALG2 SCO2 NOL6 LTV1 SNRNP200 DOLK C9orf114 HINFP RBMX NOP16 KIF11 CDC5L GLE1 NGDN BYSL WDR46 RARS WDR33 FARSA IMP4 ALYREF NHP2 HYOU1 NCAPD2 GUK1 HSPA9 ELAC2 INTS8 NSF CHMP2A PABPN1 PSMD2 KIF23 PSMA7 
